Hypothermia has pathophysiological consequences on endothelial and smooth muscle cell function. This study investigates the impact on venous relaxation of hypothermia and rewarming following hypothermic exposure. In vitro isometric relaxation responses of norepinephrine precontracted rabbit external jugular veins to a panel of endothelium-dependent and -independent agonists were assessed in controls at 37°e, and in an experimental group after cooling to 20 0e and after rewarming to 37°e. On cooling, the endothelium-dependent responses to acetylcholine became multiphasic with initial contraction at low concentrations followed by relaxation at higher concentrations, the maximum of which was significantly diminished compared to controls. Incubation with indomethacin did not affect this response. Rewarming reestablished a monophasic dose-dependent acetylcholine induced relaxation response but the maximal response was significantly augmented. This augmentation in relaxation on rewarming could be prevented by preincubation with indomethacin. The maximal response to calcium ionophore was reduced at 20 0e and augmented upon rewarming to 37°e. All veins relaxed in a dose-dependent manner to the nonendothelium-dependent agonists forskolin and sodium nitroprusside; the maximal responses were significantly reduced at 20 0e and returned to normal upon rewarming. This study suggests that short-term exposure of venous tissue to hypothermia impairs the vessel's ability to produce endothelium-dependent relaxation. Rewarming does not re-establish normal endothelium-dependent relaxation but results in an enhanced, partially indomethacin-sensitive, response which appears to be independent of changes in nonendothelium-dependent mediated relaxation.
Introduction
The physiologic consequences of hypothennic exposure, either accidental or deliberate, have clinical significance. Hypothennia in the absence of ice formation will reduce tissue metabolic demands and can delay or offset cell death. These perceived benefits have increased the use of hypothennia both clinically and within the laboratory. Clinically important therapeutic applications of hypothermia are as adjuncts to cardiopulmonary bypass, cardiac reconstructive surgery and aortic aneurysm resection.F but this methodology is associated with significant complications.v' Accidental hypothermia due to environmental exposure can cause significant medical problems (deep hypothermia, trench foot, immersion foot and frost bite) due to macrovascular and microvascular dysfunction and injury.V' Hypothennia has been demonstrated to modify the contraction":" and relaxation10 responses of veins to agonists. The effects of cooling (24°C) on relaxation of deep and superficial rabbit arteries in response to acetylcholine (endotheliumdependent) and sodium nitroprusside (endothelium-independent, cOMP-mediated)· have previously been described.IS Sodium nitroprusside induced less relaxation in both types of artery during hypothermic exposure. Acetylcholine had no effect upon cooled deep arteries and enhanced relaxation in hypothermic superficial arteries." In contrast to both superficial and deep arteries. relaxation induced by acetylcholine and the other agonists tested in the present study were significantly reduced at 20°C. Similar observations have been made using rat jugular veins in response to serotonin. 10 It has been suggested that surface veins contract at low temperatures in order to decrease body heat loss, while deeper veins and veins from vital organs decrease tone in order to maintain core body temperature and adequate blood flow. II> Reports comparing canine saphenous venous with femoral venous responses to hypothermia indicate that the more superficial saphenous vein demonstrates augmented contractility":'! while the deeper femoral vein exhibits attenuated contractility. 7, 8 In contrast, there is little informatio~regarding the effects of rewarming from a hypotherm,lc state upon venous functions. Cooling pro-d~ce.d a mixed pattern of alterations in the response of rabbit Jug~lar~ems to .contraction-inducing agonists and rewarrnmg faded to uniformly restore the response to nor-m~1 untreated control values.'! This study tests the hypothesis that there are functional changes in venous relaxation responses to agonists following rewarming from a hypothermic state. The hypothesis was tested by examination of endothelium-dependent and -independent smooth muscle cell responses to agonists in rabbit external jugular veins cooled rapidly from 37°C to 20°C and subsequently rewarmed to 37°C.
Material and methods
Male New Zealand White rabbits (average weight 2.0-2.5 kg) underwent simple excision of both external jugular veins after induction and maintenance of anaesthesia with subcutaneously injected ketamine hydrochloride (60 mg/kg, Ketaset; Bristol Laboratories. Syracuse. NY) and xylasine (6 mg/kg, Anased; Lloyd Laboratories, Shenandoah. IA). Surgery was performed using an operating microscope (JKH 1402; Edward Week Inc., Research Triangle Park, NC) in sterile conditions. All animals were sacrificed with an intravenous overdose of barbiturates following surgery. Each jugular vein was dissected free and sectioned into 5 mm rings in situ (n=4 per vessel) prior to removal. The veins were divided into two groups. The control group (n=lO) were equilibrated at 37°C and tested twice once after equilibration and 4 h after equilibration. After equilibration for I h at 37°C, the experimental group (n=lO) were cooled from 37°C to 20°C (cooling rate =loC/min) and maintained at 20°C for I h prior to testing and subsequently rewarmed to 37°C (rewarming rate = 1°C/min) and maintained at 37°C for I h prior to testing. The cooling temperature chosen for veins in this study was selected in order to stay above the phase transition temperature of endothelial cell membrane from liquid crystalline to the gel state, which is approximately 16°C. 17 Vessel rings (5 mm) from the jugular veins were suspended from two stainless steel hooks in organ bath chambers (5 ml volume) containing oxygenated Krebs solution (122 mM NaCl. 4.7 mM KCI. 1.2 mM MgCI 2 , 2.5 mM CaCho 15.4 mM NaHC0 3 , 1.2 mM KH 2P04 and 5.5 mM glucose; aerated with a mixture of 95% O 2 and 5% CO 2 initially at 37°C). One hook was fixed to the bottom of the bath and the other was connected to a force transducer (Myograph F-60; Narco Bio-Systems, Houston. TX). The isometric responses of the tissue were recorded on a multichannel polygraph (Physiograph Mk l l l-S; Narco Bio-Systerns). The tissues were then placed under 4.9 mN tension and allowed to equilibrate in physiologic Krebs solution for 1 h. During the equilibration period, the Krebs solution was replaced every 15 min. Following equilibration, the resting tension was adjusted from 4.9 mN in increments of 4.9 mN and the maximal response to a modified oxygenated Krebs solution containing 60 mM KCI, 66.7 mM NaCl, 1.2 mM MgCI 2 • 2.5 mM CaCI 2 , 15.4 mM NaHC0 3 • 1.2 mM KH 2P04 and 5.5 mM glucose was measured to establish a length-tension relationship. The tension at which a ring generated its maximal contractile response to the modified Krebs solution was considered the optimal Vascular Medicine 1996; 1: [103] [104] [105] [106] [107] resting tension for that particular ring and the ring was set at this tension for subsequent studies.
In each set of vessels, the cumulative dose responses to norepinephrine (10-9 to 10-5 M) were determined. After precontraction with the concentration of norepinephrine equivalent to 80% of the KCI response, the dose response for relaxation to acetylcholine (10-10 to 10-4M). calcium ionophore (10-8 to 10-4M). forskolin (I O-R to 10-4 M) and sodium nitroprusside (10-8 to 10-4M) were determined. The tissue was allowed to re-equilibrate for a minimum of 30 min between each experimental run. The same testing sequence was observed for the cooled and rewarmed vessels. Half the vessel rings were incubated with 10-5 M indomethacin for 60 min before testing to inhibit cyclooxygenase activity. For all experiments, the same agonist was added to each chamber in the same sequence to control for possible previous exposure-induced changes in subsequent responsiveness. These preparations retain reproducible functional properties for up to 12 h. All drugs were obtained from Sigma Chemical Company (St Louis, MO) and were dissolved in deionized water with the exception of norepinephrine which was dissolved in 10-3 M HCI.
Data and statistical analysis
The isometric responses of the rings were converted to percent maximal response and plotted against the negative logarithm of the agonist concentration to produce doseresponse curves. The dose-response curves were analyzed and the EC 50 value (the concentration for the half maximal response) for contraction of each ring was calculated by logistic analysis; sensitivities appear as the pD 2 defined as negative 10glll [ECso] .IR Data are given as mean±standard error of the mean (SEM). Statistical differences between groups were tested where appropriate with repeated-measures one-way analysis of variance (ANOVA) with a Bonferroni correction for multiple comparisons. Each experimental group was compared to its appropriate control (i.e. first set of controls with the cooled vessels and the second set of controls with the rewarmed vessels). A p-value of less than 0.05 was regarded as significant.
Results
The maximal response to 60 mM KCI in the jugular veins did not change significantly with cooling (2.1O±0.27 mN) or rewarming (1.75±0.30 mN) compared to the 37°C controls (1.34±0.22 mN). The sensitivity of the norepinephrine response increased significantly on cooling to 20°C (p<0.05) and returned to an equivalent level on rewarming (6.22±0.19. 7.03±0.14. 6.32±0.16 for control, 20°C and rewarming respectively; pD 2 • mean±SEM). The absolute maximal responses to norepinephrine were reduced by 29% with cooling (from 1.73±0.32 mN to 1.23±0.25 mN. p<0.05 compared to 37°C) but this decrease in maximal contractions was restored upon rewarming (1.73±O.24 mN, p<0.05 compared to 20°C). At 37°C, preconstructed jugular veins relaxed in a dose-dependent manner to acetylcholine reaching a maximum relaxation of 66±8% ( Figure IA) . On cooling, the response to acetylcholine became multiphasic with initial contraction to the low concentrations of this agonist (10-10 M to IO-R M) followed by relaxation at higher concentrations (10-7 M). This relax- ... Values are the mean :t SEM percent of the maximal force generated. Each jugular vein was dissected free and sectioned into 5 mm rings in situ (rt--4 per vessel) prior to removal. The veins were divided into two groups. The control group (n=10) were equilibrated at 37°C and tested twice; once after equilibration and 4 h after equilibration. After equilibration for 1 h at 37°C, the experimental group (n=10) were cooled from~7°C to 20o~(co.oling~ate.=1°C/min) and maint~ined at 2~oC for 1 h prior to testing and subsequently rewarmed to 37°C (rewarming rate =1 C/mln) maintained at 37°C for 1 h prior to testing. After precontraction of each ring with the concentration of norepinephrine equivalent to 80% of the KCI response, the cumulative dose response for relaxation to acetylcholine (10-10 to 10-4M), calcium ionophore (10 8 to 10-4 Ml. forskolin (10-8 to 10-4 M) and sodium nitroprusside (10-8 to 10-4M) was determined.
Table 1 Sensitivity of vein rings to the agonists
Sensitivity is reported as the mean effective concentration (EC50 ) which is the concentration at which 50% of maximal effective contraction is achieved in the control (n=10 rabbits) and experimental (n=10) groups. Data are expressed as -log,oIEC 50 ) and appear as the mean:tSEM with *p<0.05 compared to control, ation was significantly diminished compared to controls, reaching a maximal relaxation of 46:t4% ( Figure 1A) . Concomitantly, cooling induced a significant decrease in the sensitivity of the vessel to acetylcholine (Table I) .
Rewarming restored the relaxation response to a mono-37°C 37°C to 20°C 20°C to 37°C phasic curve with equivalent sensitivities (Table I) to the controls (37°C). However, the maximal relaxation to acetylcholine on rewarming was significantly augmented reaching 86:t5% (Figure lA) . Incubation with indomethacin did not affect the response to acetylcholine observed at :noc (66::t8%) and at 20°C (46:t4%) but did return the maximal relaxation in response to acetylcholine after rewarming to the normal values for 37°C (65±4%). In response to calcium ionophore, a nonreceptor mediator of endothelium-dependent relaxation, there was a dose-dependent relaxation at low concentrations with decreased sensitivity compared to control ( Figure IB , Table I ). The maximal relaxation was 33::t 12% at IO-t> M (32:t6% at 37°C). Increased calcium ionophore concentrations (10-5 M to 10-4 M) produced contraction to give an overall relaxation of 42::t24% at 10-4 M calcium ionophore. This was significantly decreased compared to the 37°C controls (20::t5%; Figure I B) . Upon rewarming the responses to calcium ionophore were augmented compared to values Acetylcholine Calcium ionophore Sodium nitroprusside Forskolin seen in the 37°C controls at all concentrations (maximal response at IO-4M was -4±12% ( Figure IB) . The decreased response at 20°C and the augmented response to calcium ionophore on rewarming were not altered by preincubation with indomethacin. All veins relaxed in a dose-dependent manner to the nonendothelium-dependent agonist sodium nitroprusside at 37°C with a maximum of 90±4% (Figure lC) . On cooling, the relaxation to sodium nitroprusside decreased significantly in terms of both sensitivity (Table I ) and the degree of maximal relaxation achieved (65±4%; Figure IC) . Rewarming the vessels returned both the sensitivity (Table 1) and maximal response (94±5%) to sodium nitroprusside back to control levels ( Figure IC) . Similarly, veins relaxed in a dose-dependent manner to the endothelium-independent cAMP-mediated relaxing agonist forskolin at 37°C with a maximum of 87±4% ( Figure 10 ). Both the sensitivity (Table 1) and maximal relaxations were significantly reduced by cooling to 20°C compared to 37°C controls (46±9%; Figure 10) . Rewarming restored the forskolin-mediated maximal responses to 37°C control values (Table 1, Figure 10 ). However, both at 20°C and after rewarming to 37°C, the forskolin curve does show an apparent biphasic response with a break at 10-7 M (Figure 10 ).
Discussion
The current study demonstrates that the sensitivity to relaxation-inducing agonists decreases during hypothermic exposure in rabbit jugular vein and, uniquely, that rewarming results in augmented acetylcholine relaxation (receptormediated, endothelium-dependent) and calcium ionophore relaxation (nonreceptor-mediated, endothelium-dependent) and returned sodium nitroprusside (endotheliumindependent, cGMP-mediated) relaxations to 37°C levels. The forskolin (endothelium-independent, cAMP-mediated) relaxations were still biphasic after rewarming to 37°C.
Cooling leads to an increase in the viscosity of biological membranes as the phospholipids go through a transition from liquid crystalline to the gel state. The cooling temperature chosen for veins in this study was selected in order to stay above the phase transition temperature of endothelial cells which is approximately 16°C. 17 Thus, the membrane phase transition was avoided and the major cooling effect on endothelial cells should be simply depression of cell metabolism. Such depression of cellular metabolism is usually considered a beneficial effect of hypothermia during an organ or tissue storage and during hypothermic circulatory arrest, because of the decreased ischemic damage. However, different metabolic processes may be slowed to varying degrees. 19 Solberg et al 20 have shown in vitro that significant endothelial cell injury will occur after 6 h storage at 20°C followed by rewarming for I h. The present study shows a change in endothelial cell function on cooling and upon rewarming. Endothelium-dependent relaxation induced by acetylcholine and that by calcium ionophore were altered on cooling. These alterations in endotheliumdependent relaxation (receptor-and nonreceptor-mediated) were acccompanied by a decrease in the endotheliumindependent cAMP-and cGMP-mediated relaxation of the underlying vascular smooth muscle cells. Subsequent rewarming restored endothelium-independent (cAMP-and Vascular Medicine 1996; 1: 103-107 cGMP-mediated) relaxation, although the cAMP-mediated response after rewarming retained the biphasic response observed after cooling to 20°C. The acetylcholine-mediated relaxation upon rewarming was enhanced by prostaglandin synthase products. In contrast, the change in calcium ionophore was not altered by the presence of indomethacin.
In this study, we observed a reduction in response to all the vasodilators (endothelium-dependent and endotheliumindependent) at 20°C. This reduction may be due to a reduced elaboration of endothelium-dependent vasodilators. This is probably unlikely as endothelium-independent relaxation was also decreased. At 20°C, there may also be a reduced sensitivity to the agonists studied. However, since both the receptor-and nonreceptor-mediated relaxation are equally affected, altered agonist receptor affinity appears unlikely. In many vascular tissues, acetylcholine can induce depolarization of the membrane by opening ATP-sensitive potassium channels and this can form an alternative mechanism for vessel relaxation. Decreasing the temperature of the tissue will decrease the kinetics of any enzyme system and thus the ability of the pump to induce relaxation. However, after rewarming one would expect a resolution of this impairment, whereas we see an augmentation of the response. On the other hand, altered intracellular signal transduction of both the endothelium-dependent and endothelium-independent agonists may be involved. This hypothesis is supported in part by the biphasic nature of the forskolin curve at 20°C and after rewarming to 37°C, suggesting that there has been a change in the activation of adenylate cyclase isoenzymes or a change in forskolin receptor binding characteristics. Temperature effects on intracellular enzymes may also have decreased sacrolemmal uptake of intracellular calcium or altered sensitivity of contractile fibres to intracellular calcium. This possible alteration in calcium kinetics is less likely as there is no differential effect of potassium chloride on calcium based vessel contractility. A final consideration is that the level of relaxation elicited in response to endothelium-dependent and endothelium-independent agonists remains the same but there is an enhanced contractility of vascular smooth muscle cells, thus producing a functional antagonism to relaxation. Other work has shown that there is a differential response of vascular smooth muscle cells to various contractile agonists (norepinephrine, bradykinin and histamine) at 20°C and after rewarming to 37°C. Thus, although there are several possible mechanisms for the alterations in relaxation the results of the present study do not definitively validate any of the aforementioned hypotheses.
In vivo, hypothermia can induce a hemorrhagic diathesis, the pathophysiological basis of which is not fully defined." Hypothermia has been associated with reversible functional deficits in platelets." The decreased endotheliumdependent relaxation from acetylcholine-stimulated endothelial cells noted in this study may indicate decreased endogenous, endothelium-dependent antiaggregatory and anticoagulant activity. However, the apparent overshoot in endothelium-dependent relaxation after rewarming would suggest the probability of augmented endothelium-dependent anticoagulant activity, which may contribute to the continued postoperative hemostatic problems observed in patients after cardiopulmonary bypass." In addition, the overshoot in endothelium-derived vasodilatory products would produce venodilatation in both the central and peripheral venous circulation and contribute to diminished cardiac preload and increased volume requirements.
In conclusion, cooling of venous tissue is associated with decreased relaxant responses. Rewarming does induce enhanced endothelium-derived relaxation which is independent of changes in cGMP-mediated relaxation of the vascular smooth muscle cells. Therefore, simple rewarming of tissue without additional interventions does not restore a normal vasorelaxant profile. The observed effects of hypothermia on the behavior of veins confirm the need to develop therapies to treat hypothermia induced altered cellular responses.
